We use the multi-channel analysis of surface waves (MASW) method to analyze synthetic seismic data calculated using models with high shear-wave velocity (V s ) contrast. The MASW dispersion-curve images of the Rayleigh wave are obtained using various sets of source-offset and spread-size configurations from the synthetic seismic data and compared with the theoretically calculated fundamental-and highermode dispersion-curves. Such tests showed that most of the dispersion-curve images are dominated by higher-mode energy at the low frequencies, especially when analyzing data from long receiver offsets and thus significantly divert from numerically expected dispersion-curve trends, which can lead to significant V s overestimation. Further analysis showed that using data with relatively short spread lengths and source offsets can image the desired fundamental-mode of the Rayleigh wave that matches the numerically expected dispersioncurve pattern. As a result, it was concluded that it might be possible to avoid higher-mode contamination at low frequencies at sites with high (V s ) contrast by appropriate selection of spread size and seismic source offset.
Introduction
Stiffness properties of near-surface materials are important for various environmental and engineering applications. Stiffness is directly related to shear-wave velocity (V s ), V s increases as material shear strength (stiffness, rigidity) increases. V s can be estimated by analyzing surface waves on seismic data. We use the multichannel analysis of surface waves (MASW) method to estimate near-surface shear-wave velocity from high-frequency (≥ 2 Hz) Rayleigh-wave data Song et al., 1989; Park et al., 1998; Xia et al., 1999a) . Shear-wave velocities estimated using MASW have reliably and consistently correlated with drill data. Using the MASW method, Xia et al. (2000) noninvasively measured V s within 15% of V s measured in wells. Miller et al. (1999a) mapped bedrock with 0.3-m (1-ft) accuracy at depths of about 4.5-9 m (15-30 ft), as confirmed by numerous borings. The MASW method has been applied to problems such as characterization of pavements (Ryden et al., 2004) , the study of Poisson's ratio (Ivanov et al., 2000) , study of levees and subgrade (Ivanov et al., 2005; Ivanov et al., 2006b ), investigation of sea-bottom sediment stiffness (Ivanov et al., 2000; Kaufman et al., 2005; Park et al., 2005a) , mapping of fault zones (Ivanov et al., 2006c) , study of Arctic ice sheets (Ivanov et al., 2009 , detection of dissolution features , and measurement of S-wave velocity as a function of depth . Studies of the MASW method have been extended to areas of determination of near-surface Q (Xia et al., 2002) , and the acquisition of more realistic seismic refraction models (Ivanov et al., 2006a; Ivanov et al., 2010) .
The MASW method is applied by performing the following steps. A single seismic-data record is acquired by a set of low-frequency (e.g., 4.5 Hz) geophones evenly spaced along a line. The seismic data from such a shot record is transformed into a phase-velocity -frequency domain image (i.e., dispersion-curve image), which is used to evaluate the dispersion-curve trend of the fundamental-mode of the Rayleigh wave. The estimated dispersion curve is then inverted to produce a 1-D Vs model , which is assigned to the middle of the geophone spread. By assembling numerous 1-D Vs models derived from consecutively recorded seismic shot records along a seismic line, a 2-D V s model can be obtained.
Most recent developments of the MASW method include the expansion of the traditional fundamental-mode dispersioncurve inversion with the inclusion and inversion of higher modes (Xia et al., 2003; Beaty et al., 2002; Beaty and Schmitt, 2003; Luo et al., 2007) . It was reported that the addition of first and second higher-mode dispersion curves reduced the relative error of inversion results (compared to borehole data) to 3.6% in comparison to 15% when only the fundamental-mode dispersion-curve data was used for the inversion process.
However, the imaging and quality of the fundamental-and higher-modes dispersion-curve trends, essential for the method, can be influenced by field data acquisition parameters such as geophone spread length and source offset. Optimum minimum-receiver offset and spread-length determinations extending from the spectral analysis of surface waves (SASW) method, which uses as few as 2 geophones (Heisey et al., 1982; Roesset et al., 1989) , have been the subject of further research when using the MASW method (Park et al., 2001; Zhang et al., 2004; Xu et al., 2006) . As a result of that research, recommendations and rules of thumb were developed that could easily be implemented in practice. These efforts were extended by Ivanov et al. (2008) who recommended the acquisition of a series of dispersion-curve images using various combinations of source-offset and spread-size parameters to select the set that provides the optimal dispersion-curve images. Sets with non-optimal parameters typically produced images with higher-mode domination for MASW and high Vs contrast most of the higher frequencies. However, some researchers have reported that at some sites higher-mode energy can dominate over the fundamental mode at the low-frequency end of the spectrum (Park et al., 2005b , Ivanov et al., 2009 ). Such higher-mode domination was demonstrated using models with high shear-wave velocity contrasts (Levshin and Panza, 2006; Cercato et al., 2010) . One of the models suggested by Levshin and Panza (2006) The 2-layer model parameters were used by two different modeling algorithms. One (Zeng et al., 2011 ) calculated a synthetic seismic record ( Figure 1 ).
Another algorithm (Schwab and Knopoff, 1972) was used to calculate the theoretical dispersion curves of the fundamental and the first higher modes. The synthetic seismic record was used to generate a corresponding dispersion-curve image (Park et al., 1998) , on which the calculated dispersion curves were plotted on top for comparison (Figure 2 ).
These results ( Figure 2 ) were very similar to Cercato et al. (2010) . They illustrate that when dealing with such high velocity contrast models the dispersion-curve image is dominated by higher-mode energy below a certain frequency (i.e., 20 Hz on Figure 2 ) instead of the fundamental-mode. As a result, the V s and corresponding rigidity can be significantly overestimated, which can potentially lead to detrimental consequences for certain projects (e.g., engineering, environmental, etc.) using this type of data.
Such higher-mode domination at the low-frequency end is very atypical because for most earth models it usually occurs (e.g., Ivanov et al., 2008) at the higher-frequency portion of the dispersion-curve images (i.e., higher-mode frequency ranges are relatively shifted toward the higher frequencies).
Following the example of Ivanov et al. (2008) , we investigated if such higher-mode interference over fundamentalmode imaging at the low frequencies (i.e., below 20 Hz) can be resolved (or reduced) by using a specific combination of spread-size and source-offset parameters. After producing a series of dispersion-curve images using various combinations of source-offset and spread-size parameters, it was possible to find sets that provided dispersion-curve image trends that follow the theoretically calculated fundamental-mode dispersion curve.
Results
The synthetic seismic data for the 2-layer model (Table 1) 
MASW and high Vs contrast
Using all available channels (192) and thus the longest spread (191 m) the dispersion-curve image with best contrast possible was obtained (Figure 2) , which is consistent with existing research (Xu et al., 2006) . However, the trend with maximum energy clearly follows the direction of the first higher mode from about 20 to 12 Hz instead of the fundamental mode.
Using half the channels, a 95-m spread with a 90 m source offset (and thus ignoring the first 96 channels of the original synthetic record) a similar dispersion-curve image was produced with somewhat poorer contrast (Figure 5a ). Moving the spread closer to the source from 60 to 1 m resulted in images (Figure 3) , with dominant dispersion-curve trends between 20 and 10 Hz that gradually shift toward the calculated fundamental-mode (yellow dots) dispersion curve, but never reached it. Such inaccuracy could result in various degrees of overestimation of the fundamental-mode, if these sets of spread size and source offset were used.
Using the same set of source offsets with a significantly shorter spread of 30 m resulted in obtaining dispersion-curve images with significantly blurrier contrast below 20 Hz (Figure 4) , where dispersion-curve energy was spread more than 3 times wider in comparison to the images from the 90-m spreads. However, in spite of the blurriness, the maximum peak of the dispersion-curve energy below 20 Hz matches almost perfectly with the dispersion-curve trend of the calculated fundamental-mode using source offset at 20 to 40 m from the spread. As the source offset increased to 60 m ( Figure 4d ) and 90 m (Figure 5b ), the higher-mode energy influenced the maximum ridge of the blurred dispersioncurve energy below 20 Hz more.
It is difficult to estimate fundamental-mode energy with 90 m source-offset data ( Figure 5 ) regardless of whether the spread length is short (30 m) or long (90 m), which illustrates the higher-mode domination at far offsets at low frequencies.
Conclusions
This work confirmed that when there is a high-velocity contrast 2-layer model, the low-frequency range of the dispersion-curve images might be strongly influenced and dominated by higher-mode energy.
Our analysis demonstrates that such higher-mode domination at low frequencies can be minimized or reduced by optimal selection of receiver-offset and spread-size parameters, which we consider to be the main contribution of this research. Currently, we think that from a practical perspective such a data set selection is most reliably performed through a series of tests, as was demonstrated in this manuscript.
Still, the suggested approach may come at the price of low resolution at low frequencies (i.e., below 20 Hz), which can make dispersion-curve picking at that range challenging.
The observation that higher modes become stronger at longer offset, in general, is consistent with previous research. However, the conventional expectation is that to should be observed at relatively higher frequencies. This work emphasizes the possibility for that to happen at the lowfrequency end of the dispersion-curve spectrum.
This research shows that it is possible to make correct identification and estimation of the fundamental-mode of the Rayleigh wave dispersion-curve data even when dealing with high-velocity contrast models. Thus, the inversion can produce accurate V s results and V s overestimation at greater depths due to higher-modes interference can be avoided. 
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